This study was conducted to investigate the initial tissue damage, morphogenesis, and reversibility of nasal lesions induced by the inhalation of dibasic esters (DBE). Young male rats were exposed, nose-only, to an aerosol/vapor mixture of DBE at a concentration of 5,900 mg/m3 for 4 hr and subsequently killed at 1, 4, 7, 14, 21, and 42 days after exposure. Nasal lesions were distributed along major inspiratory airflow routes. Widespread epithelial denudation occurred in the anterior nasal cavity, but the lesions were confined to the dorsal meatus, adjacent the nasal septum, and the lateral middle meatus in the mid-anterior nasal cavity. The lesions were markedly less severe in the posterior nasal cavity and sharply confined to the tips of dorsal ethmoturbinates and adjacent nasal septum. The damaged cuboidal/nonciliated and respiratory epithelium in the anterior nasal cavity regained a normal structure by 4 and 7 days postexposure, respectively. The regeneration of damaged olfactory epithelium was related to the severity of initial tissue damage. Slightly damaged epithelium regained a normal appearance within 1-2 weeks, but the extensively denuded epithelium of the dorsal meatus in the anterior nasal cavity failed to regain a normal structure by 6 weeks. The sustentacular cells of the olfactory epithelium appeared to be the initial site of DBE nasal injury. In the early stages of regeneration, the epithelium was repaired by proliferating stem cells derived from basal cells. Numerous mitotic figures and bromodeoxyuridine labeling were found in the regenerating basal cells, stem cells, and sustentacular cells at 4 and 7 days. As repair processes advanced, the numbers of olfactory neurons and vesicles were increased with a proportional decrease in stem cells.
INTRODUCTION
Dibasic esters (DBE) is a term describing a solvent mixture consisting of the dimethyl esters of succinic, glutaric, and adipic acids. DBE has been used as a cleaning solvent in the coating and painting industries and in paint removal formulations. DBE is not very toxic in inhalation with a 4-hr approximate lethal concentration ranging approximately 5,000-10,000 mg/m3, and exposed rats showed only slight nasal discharge without any pathological lesions (unpublished data). In a 2-week inhalation study, increased lung weights were found after exposure to 910 mg/m3 DBE aerosol (15) . In a 90-day inhalation study, rats were exposed to DBE at concentrations of 0, 20, 76, or 390 mg/m3 for periods up to 13 weeks. After 7 weeks of exposure, slight degeneration of the olfactory epithelium was found in both male and female rats at 76 and 390 mg/m3. After 13 weeks of exposure, olfactory epithelial degener-ation was found in all female groups and in males from the 76 and 390 Mg/M3 groups. By the end of a 6-week recovery period, evidence of olfactory epithelial repair was noted by the presence of a disorganized olfactory epithelium and respiratory metaplasia (14) .
Because the nasal lesions were well advanced by week 7 of this 90-day inhalation study, the initial site of tissue damage in the nasal passages, the morphogenesis of the olfactory epithelial degeneration, and the subsequent reparative processes could not be determined. The purpose of the present study was to determine the initial tissue damage, morphogenesis, and reversibility of nasal epithelial injury following a single inhalation exposure to DBE aerosol over a recovery period lasting up to 6 weeks.
MATERIALS AND METHODS

Test Atmosphere Generation
Liquid DBE was supplied as a commercial mixture containing 66.0% dimethyl glutarate, 16 .5% dimethyl succinate, and 17.0% dimethyl adipate. Test atmospheres of DBE were generated by atomizing the liquid test material using an Airlite Model H2500 Solo-Sphere Nebulizer (American Hospital, Montclair, CA). Conditioned, filtered houseline air was used at approximately 20 L/min to atomize the test material and sweep the resulting aerosol/vapor mixture into the chamber inlet, located at the top of the square pyramidal exposure chamber. Dilution air was added to a mixing tube prior to the chamber at a rate of approximately 20 L/min. The exposure chamber was fitted with a face plate to accommodate the animal restrainers and had an internal volume of 150 L. The exposure chamber concentration of DBE was controlled by adjusting the airflow through the nebulizer. Chamber atmospheres were exhausted through tandem, dry-ice cold traps and a MSA-activated charcoal/HEPA filter (Pittsburgh, PA) prior to discharge into a fume hood.
Chamber Analysis
The atmospheric concentration of DBE was measured gravimetrically at approximately 15-min intervals. Chamber samples were obtained from the breathing zone of the rats using a sampling train consisting of a filter cassette containing a 25-mm glass fiber filter. The filters were weighed in a Can@ Model 28 Automatic Electrobalance (Cerritos, CA). The atmospheric concentration of DBE was determined from the difference in the pre-and postsampling filter weights divided by the total sampling volume. The test atmospheres were found to be saturated with DBE vapor and consisted predominately (approximately 90%) of aerosol. Although the concentration of DBE vapor was not measured in this study, based on chemical analyses of test atmospheres during method development, the vapor concentration of DBE was essentially constant at 0.6 mg/L. For simplicity, the reported DBE concentration in this report was based on the measured aerosol concentration and does not include the amount of vapor present. During the exposure, the chamber was monitored for temperature, oxygen concentration, and aerosol size. Temperature was determined with a mercury thermometer and chamber oxygen concentration was measure with a Biosystems Model 3100R oxygen analyzer (Rockfall, CT). Particle size distribution (mass median aerodynamic diameter, geometric standard deviation, and percentage of particles less than 3 and 10 Am) was determined using a Sierra Series 210 cascade impactor (Carmel Valley, CA) with a constant airflow sampling pump.
Animals
Six-week-old male Crl:Cd/BR rats were obtained from Charles River Breeding Laboratories (Raleigh, NC). Rats were individually housed upon arrival and were quarantined for 1 week prior to exposure. Animal rooms were maintained on a timer-controlled, 12 
Experimental Design
A total of 66 male rats were individually restrained in stainless steel holders fitted with conical nose pieces; the restrainers were placed into the face plate of the exposure chamber. One group of 42 rats was exposed nose-only to DBE at an aerosol concentration of 5.9 mg/L (SD = 0.8 mg/L) for a 4-hr period. A procedural control group of 24 rats was similarly restrained but exposed to air only for 4 hr. At the end of the exposure period, all rats were returned to their cages. Subgroups of 7 DBE-exposed and 4 control rats were killed at 1, 4, 7, 14, 21, and 42 days postexposure (PE) by intraperitoneal injection of sodium pentobarbital. Of the exposed rats, 3 at each interval were used to prepare paraffin-embedded sections of the nose for morphometry and cell proliferation, 2 were used to prepare glycol methacrylate-embedded nasal sections for morphology, and 2 were used to prepare nasal sections for transmission electron microscopy (TEM). Of the 4 control rats, 3 were used for cell proliferation and 1 for TEM.
Cell Proliferation Study
Two hours prior to termination, 3 rats from the exposed and control groups at each sacrifice period were intraperitoneally injected with 100 mg BrdUrd/ kg body weight (5-bromo-2'-deoxyuridine, Sigma, St. Louis) dissolved in Dulbecco's phosphate-buffered saline to achieve a concentration of 100 mg/ ml. All animals were injected at approximately the same time of day (8-10 am). Rats were killed by sodium pentobarbital anesthesia and exsanguination.
Tissue Preparation
For TEM, the nasal cavity was divided in half by mid-sagittal section of the nasal bones along the sagittal suture with a razor blade. Samples for TEM were collected from the nasoturbinates, maxilloturbinates, ethmoturbinates, and nasal septum. The samples were fixed in Kamovsky's solution for 2-5 days, postfixed for 2 hr at 4°C in 1 % osmium tetroxide, dehydrated in alcohol, and embedded in TABLE L-Summary of time-course-related nasal lesions in rats following inhalation exposure to aerosols of dibasic esters at 5,900 Mg/M3. Lesion codes: ± = minimal; + = mild; + + = slight; + + + = moderate; + + + + = severe; N = normal appearance. Epon for TEM. One-micrometer-thick sections were stained with Toluidine Blue and used to locate areas suitable for electron microscopy. The sections were cut and then stained with lead citrate and uranyl acetate for TEM.
For light microscopy, cell proliferation, and morphometry, the nasal cavity was slowly flushed with neutral-buffered formalin via the nasopharyngeal duct. The nose was then immersed in formalin for several days. Decalcification was done using the formic acid-sodium citrate method for approximately 10 days (24) . After decalcification, 4 levels of the nasal cavity were sectioned according to the method described by Young (42) . The tissues for the cell proliferation and morphometry studies were processed, embedded in paraffin, sections 5-6 jum, and stained with hematoxylin and eosin (H&E). Tissues for light microscopy were embedded in glycol methacrylate, sectioned approximately at 2 jum, and stained with H&E.
The immunohistochemical method described by Wynford-Thomas and Williams (41 ) was used for the cell proliferation study. Qualitative evaluations were performed to identify progenitor cells in the regenerating epithelium Morphometry Analysis was performed using an AutoCAD program (Autodisk, Inc., Sausalito, CA) customized for qualitative linear measurements of nasal epithelium. Photomicrographs of cross-sections of nasal cavities were placed on a Hitachi HDCr-1212D dig-itizing tablet (Hitachi America, Ltd., Sunnyvale, CA). The epithelial surface lining of the nasal cavity was traced, and the length of normal, denuded, or regenerative segments was quantitated using a slide micrometer. These sections from Levels II and III were selected for evaluation. The length of denuded or regenerated epithelium was expressed as percentage of the total epithelium evaluated.
Statistics
Data were tested for equality of group means using the Fisher Table I . Nasal lesions were distributed along the major inspiratory airflow routes ( Fig. 1 ) and were widespread in the anterior nasal cavity. However, the nasal lesions progressively decreased in severity and were sharply circumscribed in the posterior nasal cavity ( Fig. 2A -D). In Level I, epithelial necrosis and denudation occurred in cuboidal/nonciliated epithelial cells at the dorsolateral wall, nasoturbinates, maxilloturbinates, lateral wall of ventral meatus, and respiratory epithelial cells of the nasal septum at the middle meatus region ( Fig. 2A ). Epithelial denudation was associated with severe hyperemia, edema, hemorrhage, and polymorphonuclear leukocytic infiltration in the submucosa.
In Level II, epithelial necrosis and denudation were sharply confined to the olfactory epithelium of the dorsal meatus and adjacent nasal septum (Figs. 2B and 3A), and respiratory epithelium of the lateral wall of the middle and ventral meatus (Fig. 3B ). The olfactory epithelium of the dorsal meatus and the adjacent nasal septum in Level II was extensively desquamated, leaving only basal cells or basement membrane. In Level III, these changes were sharply limited to the olfactory epithelium in the ventral margin of the first ectoturbinates, adjacent nasal septum, and dorsal tip of the first endoturbinates (Figs. 2C and 3C). In Level IV, these changes were limited to the olfactory epithelium at the dorsal tip of the first endoturbinates, adjacent nasal septum, and ventral margin of dorsal meatus (Fig. 2D ). Olfactory epithelial denudation in the dorsal meatus at Level II was more severe than that seen in the endoturbinates at Level III or IV. In Levels III and IV, a few cell layers of intact olfactory epithelial cells were covered with denuded epithelial cells in the endoturbinates. Sustentacular cells showed vacuolar degeneration and disintegration with dissociated olfactory neurons and olfactory stem cells. 4 Days PE. The damaged cuboidal/nonciliated epithelial cells regained a normal structure in Levels I and II, while the respiratory epithelium was replaced with disorganized cuboidal and ciliated columnar cells with few regenerating goblet cells. In Level II, the extensively denuded olfactory epithelium at the dorsal meatus and adjacent nasal septum was lined with undifferentiated squamous cells. Extensively denuded areas were covered with undifferentiated spindle or squamous cells with a fibrous inflammatory exudate. Some areas were repaired by squamous epithelium consisting of proliferating basal cells, squamous cells, or cuboidal cells extending from adjacent intact epithelium (Fig. 4A ).
Other areas were covered with squamous or sustentacular cells, and hyperplastic basal cells with proliferating olfactory stem cells (Fig. 4B, C) . Strikingly, numerous mitoses were found in the basal cells, globose stem cells, and sustentacular cells in the regenerating epithelium (Fig. 4A ). The epithelial surface was devoid of cilia and olfactory vesicles and few mature olfactory neurons were present. Regenerating olfactory epithelium had multiple intraepithelial cysts formed by epithelial invagination and epithelial projections were formed by epithelialization of the organized fibrous inflammatory exudate.
The olfactory epithelium of the endoturbinates in Levels III and IV was much less damaged than that seen in Level II. The epithelium consisted of squamous epithelial surface cells, intraepithelial cysts, sparsely populated and disorganized hyperplastic olfactory stem cells, and sustentacular cells. Numerous mitotic figures were found in the basal cells, olfactory stem cells, and undifferentiated sustentacular cells ( Fig. 5 A) . 1 Week PE. The respiratory and cuboidal epithelia regained their normal appearance in Levels I and II. The reparative tissue response of the olfactory epithelium was related to the severity of initial tissue injury at the dorsal meatus in Level II (Fig.  5B , C). Slightly damaged olfactory epithelium had a normal structure at 1 week, while extensively denuded areas were repaired by squamous or respiratory like epithelium. Some denuded areas formed epithelial projections as a result of fibrous organization of inflammatory exudate with epithelialization. In less severely denuded areas, the epithelium was replaced with densely packed, disorganized, hyperplastic stem and basal cells. The epithelial surface was covered with squamous or cuboidal surface epithelial cells (Fig. 5B ). Numerous mitotic figures were observed in hyperplastic basal cells, stem cells, and sustentacular cells. The olfactory epithelium formed intraepithelial cysts by epithelial invagina- tions. Regenerating olfactory epithelium consisted of hyperplastic basal cells and densely populated stem and sustentacular cells, but a few olfactory neurons had regenerated. The epithelial surface had some cilia but no olfactory vesicles (Fig. 5C ).
In Levels III and IV, the denuded olfactory epi- H&E.
x 400. B) Denuded olfactory epithelium is repaired by cellular sustentacular cells (SC) and basal cells (BC). Proliferating stem cells (short arrows) are present between SC and BC. Note mitotic figures in the BC (arrows). Dorsal meatus, Level II, 4 days PE. Glycol methacrylate section. H&E. x 400. C) The superficial surface is lined with sustentacular cells (SC) and undifferentiated epithelial cells (arrowheads). Notes aggregates of stem cells (thick arrows) and mitotic basal cells (thin arrow). Dorsal meatus, Level II, 4 days PE. Glycol methacrylate section. H&E.
x 400. atus and adjacent nasal septum. The less damaged areas were extensively restored with normal olfactory epithelium, while extensively denuded epithelium showed various stages of epithelial regeneration. As the reparative processes advanced, the number of olfactory neurons was increased with a reduction of globose stem cells. When compared to 1 week PE, the regenerating olfactory epithelium showed a markedly increased number of olfactory neurons and the epithelial surface had more cilia and olfactory vesicles.
In Levels III and IV, the damaged olfactory epithelium was extensively restored and showed normal structure with a marked increase in the number of olfactory neurons, while the stem cells were markedly decreased and loosely disorganized. The number of epithelial cilia and sensory vesicles were increased in the epithelial surface with a corresponding increase in number of olfactory neurons. By 3 weeks PE, the number of olfactory neurons, cilia, and olfactory vesicles had a marked increase in comparison to those seen 2 weeks PE. showing a disorganized arrangement. The epithelial surface is covered by flattened epithelial cells (F). Adjacent regenerating olfactory epithelium shows proliferating stem cells (thick arrows) with scanty olfactory neurons (thin arrow). Level II, 1 week PE. Glycol methacrylate section. H&E x 400. C) Regenerating olfactory epithelium (RO) in the dorsal meatus shows proliferating stem cells (thick arrows) with few olfactory neurons. Note the normal distribution of stem cells (thick arrow) and neurons (thin arrow) in the adjacent normal olfactory epithelium (NO). Numerous olfactory vesicles (small arrows) are present in the NO surface, but RO has a few olfactory vesicles. Level II, 1 week PE. Glycol methacrylate section. H&E.
x 400. 6 Weeks PE. Damaged olfactory epithelium extensively regained normal structure, but some focal areas showed various incomplete structural restoration (Fig. 6A, B) . At the dorsal meatus of Level II, denuded epithelium formed epithelial projections with fibrous stroma and organized inflam-matory exudate (Fig. 6C ). Some olfactory epithelium in the dorsal meatus was replaced with a few cell layers of olfactory stem cells and sustentacular cells resembling respiratory epithelial metaplasia. However, the epithelium contained a few olfactory neurons but not goblet cells as seen in the respiratory epithelium. When compared to 3 weeks PE, the olfactory epithelium showed a marked increase in olfactory neurons with decreased globose stem cells. The epithelial surface was covered extensively with numerous cilia and olfactory vesicles. In Levels III and IV, damaged olfactory epithelium of the endoturbinates regained normal structure but some focal areas showed aggregated globose stem cells with slightly disorganized olfactory neurons (Fig.  6A ) and intraepithelial cysts. Electron Microscopy 7 Day PE. The lamina propria of cuboidal/nonciliated epithelium was markedly edematous with acute inflammatory cell infiltrate and degenerative epithelial cells were denuded in Levels I and II. Sustentacular cells appeared to be most susceptible to injury and showed various degenerative changes (Fig. 7A ). The olfactory neurons maintained a normal structure where sustentacular cells had slightly degenerative changes. When the sustentacular cells showed necrotic changes, the olfactory neurons were sloughed with cellular debris and acute inflammatory cell infiltrate (Figs. 7B and 8A). In comparison to the submucosal edema at Levels I and II, inflammatory edema and olfactory epithelial denudation were not remarkable, but most basal cells and some olfactory stem cells were intact in denuded ethmoturbinates at Levels III and IV. 4 and 7 Days PE. Normal structure of cuboidal/ nonciliated epithelium was restored by 4 days PE and the respiratory epithelium was normal by 7 days PE. Normal olfactory epithelium consisted of cellular elements with orderly arrangement in columns.
The basal cells were overlaid on the basal lamina by hemidesmosomes and associated above with undifferentiated stem cells by desmosomes. The basal cells were characterized by a dense cytoplasmic matrix with tonofilaments, aggregated ribosomes, and abundant perinuclear heterochromatin. The stem cells were located above the basal cells and had a heterogeneous cellular population based on nuclear and cytoplasmic characteristics (Fig. 8B) . Their population varied in the olfactory epithelium. The undifferentiated stem cells were much larger than the basal cells and their cytoplasmic density was less than that of the basal cells. In addition, the nuclei of these cells had uniformly distributed euchromatin with indistinctive heterochromatin (Fig. 8B) . The intermediate olfactory stem cells were comparable in cell size to the undifferentiated stem cells, but their nuclei were distinctively electron-lucent with evenly scattered large aggregates of heterochromatin. The cytoplasm was electron-lucent with sparse Golgi apparatus and rough endoplasmic reticulum (RER) showing evenly scattered ribosomes (Fig. 8B) .
The upper middle layer of the olfactory epithelium was occupied by olfactory neurons overlaid on the intermediate olfactory stem cells and associated with sustentacular cells. Their cytoplasm was more electron-dense with extensive Golgi apparatus, membrane-bounded bodies (lipofuscin granules), and conspicuous RER with orderly arrangement. Their nuclei were slightly smaller than intermediate olfactory stem cells and had large clumps of heterochromatin (Fig. 8B) . A single layer of sustentacular cells were located above the olfactory neurons and their nuclei had light and fine chromatin pattern. The cytoplasm contained abundant cellular organelles with secretory granules and the free surface was covered with numerous microvilli and cilia.
In damaged olfactory epithelium, the stem cells showed marked proliferation with disorganized cellular arrangement and intercellular spaces were markedly widened. The proliferating stem cells formed 3-4 cells layers, but a few olfactory neurons were present (Fig. 9 ). The epithelial surface was covered by flattened and undifferentiated epithelial cells with scanty microvilli, but olfactory vesicles were not present. There were no proliferating glandular cells from Bowman's glands in the hyperplastic stem cells. The olfactory stem cells and neurons were polymorphic and irregular in size at the early stages of olfactory epithelial regeneration (Fig. 10 ). The early regenerated epithelium consisted of undifferentiated squamous or cuboidal epithelial cells with sparse microvilli and hyperplastic stem cells. The regenerated epithelium resembled squamous or respiratory metaplasia by light microscopy. 2, 4, and 6 Weeks PE. The progressive regeneration of damaged olfactory epithelium was related to the severity of initial tissue damage, and the regeneration rate showed marked differences at various sites in the nasal cavity of the same animal. Also, marked differences in epithelial regenerative changes were found among the animals throughout the recovery period. In severely damaged areas, the olfactory epithelium did not regain normal structure, and reparative changes throughout 6 weeks PE were similar to those seen at 1 week PE. In less severely damaged olfactory epithelium on the endoturbinates, proliferating olfactory stem cells differentiated to sparsely populated olfactory neurons with an orderly cellular arrangement, and the epithelial surface was covered by differentiating sustentacular cells and sparse olfactory vesicles by 2 weeks PE. As the reparative process advanced, the stem cells decreased in number with differentiation into olfactory neurons. The epithelial surface was covered with differentiated sustentacular cells with increased numbers of olfactory vesicles. In later stages of epithelial regeneration, the ratio of olfac- tory stem cells and olfactory neurons was gradually changed and the epithelium became occupied with mostly differentiated olfactory neurons and a small number of stem cells. By 6 weeks PE, epithelial surfaces had numerous olfactory vesicles. Table II shows the results of the morphometric evaluation of damaged and repaired nasal epithelium at 1, 4, 7, 14, 21, and 42 days after a 4-hr inhalation exposure to DBE. Because retrogressive, metaplastic, or regenerative changes were intermingled and difficult to separate clearly from each other, the histopathological lesions were divided into 2 categories, namely, damaged and repaired areas. At 1 day PE, 40 .6% ofthe nasal epithelium was necrotic or denuded in Level II, while the damaged areas were strikingly reduced to 9.2% by 4 days PE since cuboidal/nonciliated epithelium was restored to the normal morphology. The damaged areas were fur-ther reduced to 6.4% by 1 week PE. At this time, the damaged respiratory epithelium had a normal structure, but extensively denuded olfactory epithelium was repaired with metaplastic changes. However, when comparing the amount of damaged epithelium at 1 week PE to that at 2, 3, or 6 weeks 10. -Regenerated olfactory epithelium is mostly repaired with pleomorphic stem cells (OS), and the epithelial surface shows a few rudimentary olfactory vesicles (OV) without ciliary extension (arrows). MV = microvilli; SC = sustentacular cells. x 15,750. PE, there was no significant differences in the percentages of damaged epithelium. These values ranged from 5.3 to 7.2% because extensively denuded areas in the dorsal meatus were replaced with metaplastic epithelial cells up to 42 days PE.
Morphometry
Epithelial damage was minimal in Level III at 1 day PE (2.3%). There was no significant difference in repaired areas between 1 day (2.3%) and 4 days (2.0%) PE, but the damaged areas were markedly reduced due to epithelial regeneration by 1 week PE (0.52%). There was no marked difference in epithelial repair between 1 week PE (0.52%) and 2 (0. 5 8%) or 3 weeks (0.78%) PE because severely damaged epithelium was partially repaired by disorganized olfactory epithelial cells. At replaced with metaplastic cells, there was no significant difference in repaired areas when compared to those seen at 1 day PE.
BrdUrd Incorporation
Control Rats. Numerous cells positive for BrdUrd incorporation were located in the basal cell layer of the squamous epithelium at the bottom of the ventral meatus. Small numbers ofBrdUrd-positive cells were located in the basal layer of the olfactory epithelium at the dorsal meatus and septum at Level II and ethmoid turbinates at Levels III and IV. However, few BrdUrd-positive cells were found in the respiratory and cuboidal epithelial cells in Levels I and II. Exposed Rats. At 1 day PE, there was no difference in the number of BrdUrd-positive cells in the nasal septum or turbinates at all levels in comparison to those seen in controls. By 4 days PE, the number of BrdUrd-positive cells markedly increased in the regenerating globose stem cells, basal cells, and sustentacular cells at the dorsal meatus and adjacent nasal septum in Level II. Also, a similar BrdUrd-positive response was found in the re-generating olfactory epithelium at the dorsal tips of the first endoturbinates, the ventral margin of the first ectoturbinates, and the adjacent nasal septum at Levels III and IV (Fig. 11 ). The acini of Bowman's glands located in the lamina propria were devoid of BrdUrd-positive cells. By 7 days PE, the distribution ofBrdUrd-positive cells was similar to that seen at 4 days PE, but the number of BrdUrd-positive cells decreased in comparison to that seen at 4 days PE. After 2, 3, and 6 weeks PE, a minimal increase in the number of BrdUrd-positive cells was observed in regenerating olfactory stem cells in the dorsal meatus and adjacent nasal septum at Level II, when compared to that seen at 1 week PE. However, there was no obvious increase in the number of BrdUrd-positive cells in the ethmoturbinates at Levels III and IV after 2 weeks PE.
DISCUSSION
Rats have been extensively used for inhalation toxicity studies; however, comparatively little attention had been paid to the potential nasal toxicity of chemicals until nasal tumors were observed in rats from several inhalation studies reported in the early 1980s (16, 18, 19, (21) (22) (23) 33) . Previously, the nose was not routinely examined microscopically in subchronic or chronic inhalation studies. Based on several literature reviews (21, 27) , the respiratory epithelium in the anterior nasal cavity has been predominantly affected following inhalation exposure to a variety of chemicals, while comparatively fewer chemicals are known to produce lesions in the olfactory epithelium of the posterior nasal cavity. Within the last 5 years, however, increasing numbers of chemicals have been reported to produce tissue damage in the olfactory epithelium (1, 4-7, 36, 38) . These observations raise questions regarding human risk assessment because of the potential for sensory loss due to olfactory damage. Complicating this is a marked species difference in nasal anatomy and susceptibility to toxicants and the poor understanding of olfactory epithelial regeneration and functional recovery.
The distribution and severity of nasal lesions may be influenced by multiple factors such as speciesspecific nasal anatomy, airflow patterns, regional deposition and uptake efficiencies, metabolism, and the water solubulity of inhaled gases or vapors. Water-dye flow experiments have shown that a major airflow path in rats during inspiration is along the lateral meatus, suggesting considerable direct exposure of the lateral aspect of the anterior half of the nasoturbinate and the adjacent lateral wall (27) . In deposition studies with monodisperse aerosols, little deposition occurred in the smaller nasal sinuses or recesses, and impaction-related nasal airflow was the principal process of deposition in the nasal passages (35) . In rats exposed to DBE aerosol, severe, widespread epithelial denudation was found along the passages of major airflow, but the sinuses and small recesses were not affected. The anterior nasal cavity had severe epithelial denudation in the dorsal meatus and lateral walls, whereas the lesions were markedly reduced and sharply circumscribed at the tips of the first endoturbinates and ventral margin of the first ectoturbinates. Thus, the distribution of DBE-induced nasal lesions appeared to be correlated with airflow patterns. The sustentacular cells appeared to be the most susceptible and initially damaged cell type, and subsequently olfactory neurons became necrotic and exfoliated. Similar pathological lesions were observed in the olfactory epithelium exposed to Teflon fume generated at high temperature (20) .
Gas uptake in the nasal passages is generally thought to be influenced by the water solubility of compounds and nasal metabolism (28, 37) . Watersoluble chemicals such as HMPA (21) , phenyl glycidyl ether (19) , formaldehyde (16) , and hydrogen chloride (13) are thought to be highly absorbed in the respiratory epithelium. In contrast, less watersoluble chemicals (e.g., methyl bromide) produced tissue damage in the olfactory epithelium of the posterior nasal cavity (12) . However, olfactory epithelial damage has also been reported for water-soluble chemicals such as nitroethane (10) , ethyl acrylate (25) , and propylene glycol monomethyl ether acetate (26) . According to literature review (21, 27) , nasal tumors originating from respiratory epithelium in the anterior nasal cavity were the predominant tumor types in animals exposed to chemicals (16, 18, 19, 21, 22) , while a few chemicals produced nasal tumors originating from the olfactory epithelium (17, 32) . The high incidence of tumors in the anterior nasal cavity might be attributable to the initial severe tissue damage in comparison to that of the posterior nasal cavity. Deposition studies with DBE vapor demonstrate > 97% absorption within nasal passages of an inhaled dose (28) . Aerosols with MMAD a 2 Am are expected to deposit with great efficiency in the anterior nasal cavity (34) , and high concentrations of DBE produced cytotoxicity to respiratory epithelium in vitro (39) . In the present study, both anterior and posterior nasal passages were affected, but the anterior nasal passages were more severely damaged by DBE exposure.
It has been postulated that rapid hydrolysis of DBE to the corresponding acids by carboxylesterase is responsible for the greater sensitivity of olfactory mucosa relative to respiratory mucosa (31 ) . The hydrolysis of DBE are 4-11-fold more efficient in olfactory than respiratory mucosa (2) , and inhibition of carboxylesterase activity reduces DBE-induced cytotoxicity in nasal explants treated in vitro (39) . Carboxylesterase is present in Bowman's glands and sustentacular cells of olfactory mucosa and most epithelial cell types of the respiratory mucosa (3). In this experiment, the distribution of the DBEinduced nasal lesions appeared to be related to the airflow pattern since the lesions were sharply confined to the epithelium lining the major inspiratory airflow routes. Bowman's glands were mostly not affected, and the microscopic observation was not correlated with presence of carboxylestrase in the glands in terms of enyzyme-related tissue damage.
It has been reported that basal cells in the olfactory epithelium are progenitors leading to the regeneration of new neuroepithelium (8, 9, 11, 29) , while others have suggested that the epithelial cells of Bowman's glands are progenitors for restoration of the olfactory epithelium (30, 40) . However, in this study, the progenitor cells involved in the restoration of the olfactory epithelium appeared to be the olfactory stem cells, which originate from basal cells rather than the epithelial cells of Bowman's glands. By electron microscopy, the glandular epi-thelial cells were readily recognizable by the presence of epithelial microvilli, slender curled cytoplasmic processes, secretory granules, well-developed tight junctions, and basal lamina. Proliferating glandular epithelial cells were not observed in the early regenerating olfactory epithelium by either light or electron microscopy.
The ultrastructural study showed the stem cells to be located between the basal cells and mature olfactory neurons. The undifferentiated stem cells were closely associated with basal cells and contained organelles reminiscent of both basal cells and olfactory neurons. Graziadei and Graziadei (9) described basal cells proper, globose basal cells, and neurons in the olfactory epithelium of mice. We interpreted the globose basal cells as undifferentiated stem cells based on the results of BrdUrd incorporation and electron microscopy. Autoradiographic observations indicate that basal cells differentiate into sensory cells in approximately 9 days and remain as mature functional cells for approximately 25 days (9, 11) . In this experiment, the damaged olfactory epithelium had markedly increased BrdUrd-positive response in proliferating basal cells, stem cells, and sustentacular cells, but not in Bowman's gland at 4 and 7 days PE. In addition, both BrdUrd labeling and autoradiography indicated that the process of differentiation in the olfactory neurons started from basal cells and showed upward movement of the labeled cells (9, 11) . Also, the ultrastructural study in this experiment supported the concept that renewal of sensory neurons originated from the basal and stem cells, and not from the epithelial cells of Bowman's glands.
